[Purpose] The purpose of this study was to investigate adaptations to slip perturbations using a customized separated-belt treadmill in older adults.
INTRODUCTION
Falls are seen more often in older people than among younger people, and they have been attracting concern among the growing elderly population. In 2005, over 1800 elderly people in Japan died due to fall-related injuries at home 1) . Fractures caused by falls were the third most common reason for people to need nursing in Japan 2) . Therefore, preventing falls is one of the key factors for maintaining the quality of life in older adults.
Older adults tend to show muscle weakness and diminished sensory functions to one degree or another 3) , but the relationship between these factors and the occurrence of falls is still unknown. Muscle strengthening exercises for the elderly have been used in fall prevention programs, but no clear association was found, especially in the healthy elderly, between the occurrence of falls and muscle strength. Nowalk et al. reported that an exercise program that included muscle strengthening was not effective for improving fall rates 4) . In a retrospective study, older fallers showed a poorer two-point discrimination sense than that of older non-fallers 5) , but proprioceptive training 6, 7) has not been widely accepted in fall prevention programs because of limited evidence that it is effective in lowering the incidence of falls.
Repeated perturbation exposure may reduce the incidence of falls 8) . Healthy older adults appeared fully capable of learning to recover better from, or adjusting to, repeated exposures to perturbations during a sit-to-stand task [9] [10] [11] . Smith et al. 12) examined whether a difference exists between muscle responses of older fallers and those of nonfallers during repeated dorsi-flexion perturbations to standing. Their results showed that an adaptive response, characterized by attenuation in the magnitude of muscle responses, was observed only in the non-fallers. Moreover, Obuchi et al. showed that long-term improvements in balance among older adults was achieved by treadmill walking with repeated slip perturbations 8) . Because most falls occur when a person is walking, adaptive responses to slip perturbations during walking may be effective for preventing falls. The purpose of this study was to confirm whether older adults would develop better recoveries from a slip during walking by responding to repeated perturbations. We also examined the effects on the latency and magnitude of muscle responses in the trunk, thigh, and leg muscles.
METHODS

Subjects
Forty-five community-dwelling elderly subjects (71.4 ± 3.6 years, 56.5 ± 10.5 kg, 154.6 ± 7.9 cm, 19 males and 26 females) participated in this study. Subjects had no history of neurological or musculoskeletal disorders, and only one woman had fallen in the past year. We gave information about this research to all subjects and obtained their written agreements to participation before starting the experiment. This experiment was approved by the Research Ethics Committee of The Society of Physical Therapy Science.
Procedures
We used a separated-belt treadmill 13) (PW21; Hitachi, Japan), and perturbations were produced by rapidly decelerating the right side of the walking belt for 500 msec while subjects were walking. After 500 msec the speed of the walking belt was returned to its initial level. By decelerating the walking belt, the base of support (BOS) of the stance phase leg became located in front (unlike before the deceleration), and the body swayed backward. All subjects walked on the treadmill for 5 minutes at 2 km/h looking ahead without holding onto a rail. In addition, bipolar surface electrodes of electromyogram (EMG) (Neuropack8; MEB-4208, NIHON KOHDEN, Japan) and an accelerometer (HITACHI, Japan) were attached. The perturbation was a 50% deceleration from the initial speed (2 km/h) and was given 20 times repeatedly during heel contact as it occurred in the 5-minute walk. The perturbations were delivered to the treadmill from a PC before heel contact without a cue providing notice, causing the walking belt to decelerate when the heel contacted the belt. Two assistants stood on both sides of the subjects to prevent falls and injuries. The heel contacts were detected by a force plate under the treadmill, and all data were synchronized by an A/D converter and sampled at 1000 Hz (Fig. 1) .
Data analyses
The treadmill was supported by only 4 rods, each put on one force plate. The sum Fz of plates 1 and 4 was the vertical force on the right side of the treadmill; the sum Fz of plates 2 and 3 was the vertical force on the left side ( Fig. 1) . The raw data of the force plates were smoothed based on the filter of Bryant 14) . We detected heel contacts by reference to Fz of plate 1 because perturbations were given to the right side, and subjects placed their heel on plate 1. Heel contact was defined as when the value of Fz of plate 1 shifted from a decrease to an increase.
EMG signals were recorded from the erector spinae (ES) at the level of Th10, rectus abdominis (ABD) at the level of the umbilicus, biceps femoris (BF), vastus medialis (VM), gastrocnemius medialis (GM), and tibialis anterior (TA) muscles of both legs. The distance between the bipolar surface electrodes was 3 cm on each muscle. These electrodes were placed above the midpoint of the muscle belly, parallel to the direction of the muscle fibers. The signals were analog-filtered at 10-1000 Hz. Full-wave EMG signals on the perturbed side were analyzed for latency and integral EMG (IEMG). The latency reflected the time before the muscle reaction, and the IEMG reflected the EMG amplitude. All latencies in the muscle activations were determined as the duration from 50 msec after the perturbation to a threshold value of muscle EMG. Each muscle's threshold value was defined as the mean+ 3 S.D. of the muscle activation immediately before the perturbation on a one-gait cycle. All IEMG data were analyzed on a perturbed one-gait cycle (Perturbed IEMG), a normal one-gait cycle immediately before perturbation (Normal IEMG), and a Perturbed IEMG divided by a Normal IEMG (Ratio IEMG) (Fig. 2) . Therefore, if the value of Ratio IEMG exceeded 1, then the amplitude of the muscle activation on a perturbed one-gait cycle was larger than that of the muscle activation on a normal one-gait cycle.
The accelerometer was set in the center of the sacrum to measure the acceleration (ACC) of the pelvis and reflected the degree of body sway. The ACC was analyzed for the maximum value of the forward and backward movements of the pelvis after the perturbation (Fig. 2) . A larger value of the ACC meant a larger body sway.
Data from 20 trials, obtained for each subject, were divided equally into 10 trials in the first half and 10 trials in the second half. The average for each subject for the ACC, stride time, IEMG, and latency values were compared between the first and second halves.
Statistical analyses were performed with the SPSS 11.0 J for Windows software. The average of ACC, stride time, IEMG, and latency values in the first and second halves were assessed by the Wilcoxon matched pairs signed rank test; statistical significance was considered as p<0.05.
RESULTS
All elderly subjects could walk on the treadmill and responded to 20 trial perturbations with no holding onto the rail. Subjects' performances improved as the trials advanced. In fact, the maximum value of the ACC of both forward and backward directions decreased as the trials advanced. In addition, the maximum value in the second half was significantly smaller than during the first half for both the forward and backward movements (p<0.01) (Table 1) (Forward: first half 1.26 ± 0.50 G, second half 1.17 ± 0.43 G; Backward: first half 2.89 ± 1.33 G, second half 2.68 ± 1.25 G). These results seem to suggest that the sway of the body became smaller as the trials advanced. The stride time of the normal one-gait cycle was not significantly changed, but the perturbed one-gait cycle in the second half significantly increased from the value in the first half (Normal one-gait cycle: +1.3 msec, not significant; Perturbed one-gait cycle: +37.6 msec, p<0.01) ( Table 2) . Table 1 shows the EMG data. For the Ratio IEMG, TA had the greatest reaction, followed by VM (TA: first half 3.13 ± 1.58, second half 3.09 ± 1.35; VM: first half 1.73 ± 0.46, second half 1.65 ± 0.45). GM had the smallest reaction, and only GM showed a value below 1 (first half 0.98 ± 0.28, second half 0.93 ± 0.25) ( Table 1 ). This means that for GM, the Perturbed IEMG was smaller than the Normal IEMG. The Ratio IEMGs of ABD, VM, and GM in the second half were significantly decreased from the first half. Especially, the P e r t u r b e d I E M G s o f V M a n d G M w e r e significantly decreased in the second half, but the Normal IEMGs for these muscles were not Regarding the latency, VM reacted the fastest, followed by TA (VM: first half 87.3 ± 27.9 msec, second half 88.0 ± 29.4 msec; TA: first half 139.1 ± 45.0 msec, second half 136.5 ± 33.5 msec). There were no significant changes between the first and second halves regarding the latencies for all the muscles. This suggests that the amplitude of muscle activations rather than the latency affected the motor adaptation for postural control.
DISCUSSION
In this study, we demonstrated motor adaptations for postural control for repeated perturbations during treadmill walking in elderly subjects. The maximum of the acceleration for both forward and backward movements in the second half of the trials became significantly smaller than those in the first half. This means that the body sway of the elderly subjects became smaller as the trials advanced. The decrease in body sway indicates that elderly subjects can adapt by improving their postural control in response to repeated perturbations during walking. For perturbations in this research, the Ratio IEMG of TA was the biggest, and the latency of TA was shorter than those of the other muscles. This was evidenced in subjects' postural control for slip perturbations during standing and walking. In "ankle strategy" during standing, activities began with TA and were followed by the quadriceps and rectus abdominis 15) . This pattern was also shown during walking 16) . For these reasons, we think that effective responses by TA are required for postural control in slip perturbations during walking.
We were able to determine that the causes of improvement in postural control were a decreased Integral EMG of some muscles. On the other hand, the latency had no effect on the immediate adaptation for postural control in this research. P e r t u r b e d I E M G s o f V M a n d G M w e r e significantly decreased, but the Normal IEMGs for these muscles were not. We think that VM and GM reacted more than the required degree during the first half. Their hyper-reaction made it possible to hinder the required muscle response and resulted in stiffer joint movements and hindered quick reactions, so body sway in the first half of the trials was bigger than that in the second half. We noted especially that the excessive reaction of GM appeared to induce too much co-contraction between TA and GM and hindered TA response in the first half of the trials. However, because the GM magnitude was attenuated in the second half, the TA responded more effectively in the second half producing an elastic ankle movement. In other words, reciprocal inhibition between TA and GM became more effective in the second half of the trials. We think that the older subjects in this research showed too much co-activation in the first half, but their reciprocal inhibition gradually became effective and the body sways smaller in the second half.
This trend of co-activation in postural control with perturbations among older subjects during walking has already been reported 16) . In addition, an attenuation in the muscle response magnitude from perturbations as postural control improved has been shown in walking of young subjects 17) , and during standing among the non-faller elderly 12) . Therefore, we think that people, especially older adults, have a tendency to have exaggerated muscle response magnitude and co-activation from unknown perturbations, but can adapt to repeated perturbations by a method of attenuating muscle activity and co-contractions that would otherwise be excessive.
We did not see an improvement in muscle latency in this study. However, subjects participating in long-term treadmill walking that included training with perturbations 8) and sensorimotor training 6) showed decreased muscle latency. Therefore, we suspect that long-term, as opposed to short-term, training can improve muscle latency. In this research, we investigated only muscle responses to clarify ways of adaptation. However, there is the possibility that elderly subjects can adapt by feedforward control to compensate for repeated perturbations-for example, changing the center of mass (COM) location and the movement of upper limbs, as has been shown in several reports [9] [10] [11] [18] [19] [20] . In addition, we think that change of head movement occurred. Head movements and corresponding vestibular input influence postural response 21) . In the case of repeated perturbation to seated subjects' trunks, the subjects attenuated their neck muscle activity and modulated their head movement 22) . Changes in the muscle responses seen in this study might have been a result of these other strategies. Therefore, we need to make other kinetic analyses and study the influence of exposure to perturbations over a long-term period.
In conclusion, older adults could adapt to repeated perturbations during walking. Adjusting the force control, particularly the coordination between agonist and antagonistic muscles, is an effective strategy for adaptation that contributes to preventing falls. This strategy may become a key to training for fall prevention.
